ABSTRACT Adaptive backstepping control is an effective method for servo system driven by twin motors with unknown actuator failures, however, problems such as explosion of complexity make it can not be used in the actual control systems. In this paper, an algorithm of adaptive dynamic surface control is proposed for servo system driven by twin motors with unknown actuator failures, which can eliminate the expansion of the differential term and simplify calculations in the controller design. In addition, all parameters and disturbances in the system model are unknown, which require to be identified online. The simulation results also provided in order to show the effectiveness of the algorithm.
I. INTRODUCTION
Nowadays, servo system has been widely used in industrial production, and various of research on high precision servo system control has been proposed. These control algorithms focus on not only classical control methods, such as PID control [1] , [2] , adaptive control [3] - [5] , robust control [6] - [8] , but also work on intelligent control, such as predictive control [9] - [11] , neural network control [12] , [13] . Meanwhile, for high power, large inertia and high performance twin motors servo system are widely used in industrial fields to meet the requirements of industrial production. However, the control algorithms above are generally proposed only for the single motor system instead of twin motor control. In this case, we take the twin motors servo system as the controlled object in this paper. In addition, actuator failures [14] , [15] may occur during the actual operation of the servo system, which affect the system performance seriously and cause a detrimental consequences. To improve the performance of control system, we should consider the influence of unknown actuator failures in the design of adaptive control scheme. Like [14] and [18] , due to the loss rate of actuator effectiveness is unknown, the adaptive control method can be effectively used for actuator failures. In view
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of the aforementioned reasons, we proposed an adaptive dynamic surface controller for the servo system driven by twin motors with unknown actuator failures.
Backstepping is a well known recursive procedure, which decomposes the complex nonlinear system into several simpler and lower order systems by introducing virtual control. And the stability of closed-loop systems can be proved by choosing appropriate Lyapunov function. Considering the unknown parameters and unknown external disturbances existing in the twin motors servo system, adaptive backstepping is used to identify unknown parameters and unknown external disturbance online by designing update laws. And the final control law and update laws for the system can be derived step by step by using adaptive backstepping method. Along with different control requirements, some new results based on traditional backstepping have been proposed such as, an event-triggered adaptive control scheme based on backstepping technology is proposed for the gun control system with uncertain modeling errors and unknown parameters in [16] . Besides, the author has developed a robust adaptive control scheme based on backstepping techniques for a class of nonlinear systems with unknown parameters in [17] .
Compared with [18] , in order to overcome the computational complexity problem in backstepping design, we introduce the dynamic surface technology on the basis of traditional backstepping motivated by previous research [19] , [20] . In this paper, an adaptive dynamic surface controller for the servo system driven by twin motors with unknown actuator failures has been proposed. Firstly, we use the adaptive backstepping theme to control the servo system with unknown system parameters and unknown disturbances. Meanwhile, dynamic surface method is used to overcome the repeatedly differentiating in the backstepping design. Finally, unknown actuator failures may occur in the control process, which increase the difficulty of the controller design.
The main contributions of this paper are provided as follows: (1) The control problem is investigated for servo system with unknown system parameters and unknown disturbances driven by twin motors instead of traditional single motor; (2) The effect caused by unknown actuator failures are considered during the controller design; (3) Based on [18] , Dynamic Surface Control (DSC) is introduced to solve ''explosion of complexity'' problem in the traditional backstepping control scheme.
The organization of this paper is as follows: The models and problem statement are given in section 2; The controller design and stability analysis are given in section 3 and the simulation results are shown in section 4; Finally, the conclusion of this paper is given in section 5.
II. MODEL AND PROBLEM STATEMENT
In this section, the model of the servo system driven by twin motors and the statement for the problem will be given. 
A. MODEL OF THE SYSTEM
The structure of the servo system is shown in figure 1 . The mathematical model and states selection are the same as [18] . Let
where a, a 1j and a 2j are unknown parameters, which is different from [18] . The system model shown in figure 1 can be written asẋ
where j = 1, 2 indicate the order number of motors and y is output of the system. Due to considering the twin motors in this paper, all corresponding parameters and disturbances are equal. Respectively,
Therefore, the system model (1) can be rewritten aṡ
Firstly, since we aims at the servo system with unknown actuator failures, we need to explain the actuator failures as follows.
As in [18] , the model of unknown failure of the j-th (j = 1, 2) actuator at time instant t jf is shown as
where 0 ≤ f j ≤ 1, which denotes the partial loss rate of actuator effectiveness. Then, three situations can be discussed as follows
• f j = 0, it indicates that the j-th actuator is total failure and u j (t) = u kj ;
• 0 < f j < 1, it indicates that the j-th actuator is partial failure and u j (t) = f j v j (t);
• f j (t) = 1, it indicates that the j-th actuator works normally and u j (t) = v j (t). Assumption 1: In the process of system running, there is no total failure of both actuators. In addition, any actuator can fail only once, either partially or totally.
From Assumption 1, we know that there is a finite time instant T f that there will be no more failure after it.
In order to design the adaptive update laws for the unknown parameters in the model (2), we need some assumptions as below. of generality, we will only consider the unknown parameters a and a 1 are strictly positive.
Finally, we need to make the following assumption on the reference signal.
Assumption 4: The reference signal y d and its i-th (i = 1, 2) order derivatives are known and bounded.
Remark 2:
, where B 0 is a known positive constant.
The control goal is to design the input signal v j (t) for the model (2) with actuator failures (3) under the Assumptions 1-4 by using adaptive dynamic surface control method, which can guarantee all signals being bounded and realize the tracking performance to the reference signal y d .
III. CONTROLLER DESIGN AND STABILITY ANALYSIS
Compared with [18] , in order to solve the problem of 'explosion of complexity', an adaptive controller by using dynamic surface control is proposed. In addition, the parameters in the system model (2) are all unknown, which makes the control problem becoming more complicated than what is in [18] . Now, we make the coordinate changes as follows
where
is the output of the firstorder filter whose input is α i−1 and y i (i = 2, 3, 4) represents the error between w i and α i−1 . Remark 3: α i−1 represents the virtual control signal. In order to avoid the repeatedly differentiating of the virtual control signal α i−1 in the backstepping design, which leads to 'explosion of complexity', the dynamic surface technology introduce a new state variable w i and the filter of the virtual control signal α i−1 .
A. CONTROLLER DESIGN
Step 1: The derivative of tracking error can be written aṡ
where α 1 is the virtual control. With the Lyapunov function
by choosing
where c 1 is a positive constant. The derivative ofV z1 iṡ
By using the Young's inequality, the following inequalities hold
Then (8) can be rewritten aṡ
Define the filter output w 2 as below
where τ 2 is a constant that will be design later.
. Therefore, we haveẏ
Such that,
From (12) and (13), using the Young's inequality, the following inequality can be obtained.
Consider the following Lyapunov function
From (10) and (14), the derivative ofV 1 iṡ
Step 2: From system model (2), we can know that the derivative of z 2 iṡ
where α 2 is the virtual control. With the Lyapunov function
111530 VOLUME 7, 2019
The derivative ofV z2 iṡ
Let 
where c 2 is a positive constant. Substituting (20) into (19) we can getV
Using the Young's inequality, the following inequalities hold
Then (21) can be rewritten aṡ
Define the filter output w 3 as below
where τ 3 is a constant that we will design later. Due to y 3 = w 3 − α 2 , we can obtainẇ 3 = −
. Therefore, we havė
From (25) and (26), using the Young's inequality, the following inequality can be obtained.
Consider the following Lyapunov function candidatē
whereD 1 is the estimate error of D 1 .
From (23) (27) and (48), and using the following property of the hyperbolic tangent function tanh(·) [21] 
The derivative ofV 2 iṡ
Step 3: According to the system model,we can know that the derivative of z 3 iṡ
where α 3 is the virtual control. With the Lyapunov function
where c 3 is a positive constant. The derivative ofV z3 iṡ 
Using the Young's inequality, the following inequalities hold Define the filter output w 4 as below
where τ 4 is a constant that we will design later. Due to y 4 = w 4 − α 3 , we can obtainẇ 4 = −
From (38) and (39), using the Young's inequality, the following inequality can be obtained.
Consider the following Lyapunov function candidate:
From (36) and (40), the derivative ofV 3 iṡ 
Step 4: Clearly, the derivative of z 4 iṡ 
where κ is the required parameter vector and ω is the known vector specified in the following stability analysis. κ and ω are both three dimensional vectors and can be expressed as
κ is unknown due to the unknown failures of actuators and it can be substituted by its estimateκ. Therefore, control law can be redesigned as Control Law :
Update Laws :
where η b , η d1 , η a2 , η d2 , σ b , σ d1 , σ a2 , σ d2 , σ k are all positive design parameters and k is a design positive define matrix.
B. STABILITY ANALYSIS
We now perform a stability analysis on the closed loop system (2) with the control law (47) and the update laws (48). 
Assume that no actuator fails in time interval [T 0 , T 1 ). Consider the following Lyapunov function
Vectors κ and ω can be chosen such that
This gives
With (42) and (49)- (50), we havė 
(53)
From (45), (51)- (52) and update laws (48), (53) can be rewritten aṡ 
Because for any B 0 > 0 and p > 0, the sets
and R i respectively. Therefore, ς i has a upper bound M i on
Clearly, the following inequalities can be get.
From (55) and (56), we can obtaiṅ +(
and
Substituting them into (57), we can gain thaṫ
Now assume that p 1 (1 ≤ p 1 ≤ 2) actuators have failed at time instant T 1 and there no new actuators are faulty in time interval(T 1 , T 2 ). Let set Q T denotes the actuators of total failure. It indicates that if i ∈ Q T , then f i = 0. Using the set Q T to represent the remaining actuators, then 0
In the time interval (T 1 , T 2 ), the Lyapunov function is chosen as
We can rewrite (32) aṡ
By fixing ω, κ can be chosen as
With (42) and (62)- (63), we havė 
From (45), (64)- (65) and update laws (48), (66) can be rewritten aṡ 
Because for any B 0 > 0 and p > 0, the sets 
Substituting them into (69), we havė
Theorem 1: Consider servo system driven by twin motors with unknown system parameters, unknown actuators failures shown in (3) under Assumption 1 to 4. For bounded initial conditions, suppose p, c i ,
the whole closed-loop control system is semi-globally stable in the sense that all states of the closed-loop subsystem are bounded under the control law (47) and update laws (48). And the tracking error has an error bound.
Proof: From (60) and (72), if
By direct integrations of the differential inequality (60) and (72), we have
Therefore, signals z i , y i and x i , α i , i are uniformly ultimately bounded. In addition, we can make
arbitrarily small by decreasing λ max ( −1 k ), such that the tracking error z 1 can be also arbitrarily small. Then, we let y r = log(1.1 + t) as the reference signal and choose the parameters and disturbances in the system model as follows: 1 + t ) ).
FIGURE 9.
Input signals (case 1, y r = log(1.1 + t )).
Remark 4:
As we all know, y r = log(1.1 + t) is unbounded in time interval [0, ∞). However we usually consider that the end time is finite in simulation, so y r = log(1.1 + t) can be regarded as a bounded function.
Three cases which we will considered in simulation are given as follows, respectively.
Case 1: Assuming no actuator failure occurs during the process, both actuators are working normally. Figures 8-9 show the tracking error, input signals u 1 (t) and u 2 (t) with reference signal y r = log(1.1 + t).
Case 2: Assuming the partial failure of actuator 1 occurs at t = 40 second and the loss of effectiveness is 0.2. Figures 10-11 show the tracking error, input signals u 1 (t) and u 2 (t) with reference signal y r = log(1.1 + t).
Case 3: Assuming the total failure of actuator 1 occurs at t = 40 second. Figures 12-13 show the tracking error, input signals u 1 (t) and u 2 (t) with reference signal y r = log(1.1+t).
The comparison between the two groups of simulation results shows that the proposed algorithm can identify and update the system parameters in real time. System stability and other performances can be obtained successfully under different unknown parameters and external disturbance. So we can get the control effect of the system will not be affected even if the system parameters and disturbances has changed. It is obvious that the algorithm proposed in this paper has low requirements on the system, and does not need known parameters and fixed disturbances. In addition, by observing the simulation results of three cases, it can be found that the tracking performance can be hold whether the actuator failure occurs or not and whether the actuator failure completely or not.
V. CONCLUSION
An adaptive dynamic surface control scheme has been proposed for servo system driven by twin motors with unknown actuator failures, system parameters and disturbances. The actuator failures include total failures and partial failures. The proposed scheme can solve the uncertainties caused by actuator failures. In addition, an adaptive estimator is given to estimate the unknown parameters and disturbances in the servo system which can reduce the requirement for the model. As well as we use the dynamic surface control method to solve the obvious defects of ''explosion of complexity'' in the traditional backstepping, which can eliminate the expansion of the differential term and simplify controller design. Stability and tracking performances of closed loop systems can also be ensured and the simulation studies can verify the effectiveness of this control scheme. Since it is difficult to observe system states accurately in many practical systems, so we will consider to replace the state feedback with output feedback for controller design. 
